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Abstract
In a model where quark and lepton masses and family-mixings are
caused not by a variety of Yukawa couplings yij (i, j = 1, 2, 3: family
indices) with one vacuum expectation value (VEV) v = 〈φ0L〉0, but by
a variety of VEV’s of a U(3)-family nonet Higgs boson φL, v
j
i = 〈φ0jLi〉0,
with a single coupling constant, the following problems are investigated:
what constraints on the Higgs potential are imposed in order to pro-
vide realistic quark and lepton mass spectra and mixings and what
constraints on the Higgs boson masses are required in order to suppress
unwelcome flavor-changing neutral current effects. Lower bounds of the
physical Higgs boson masses of φL are deduced from the present exper-
imental data and new physics from the present scenario is speculated.
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1. Introduction
One of our dissatisfactions with the standard model is that for the expla-
nation of the mass spectra of quarks and leptons, we are obliged to choose the
coefficients yfij in the Yukawa coupling
∑
f
∑
i,j f
i
LfjR〈φ0〉0 (f = ν, e, u, d, and i, j
are family indices) “by hand”. If we could understand the mass spectra from the
vacuum expectation values (VEV’s) 〈φ0ji 〉0 of U(3)family [1] nonet Higgs fields which
couple with fermions as
∑
f
∑
i,j f
i
L〈φ0ji 〉0fjR, we would be happy. Unfortunately,
however, we know that the mass spectra of up- and down-quarks and charged lep-
tons are not identical and the Kobayashi-Maskawa [2] (KM) matrix is not a unit
matrix. Moreover, we know that in such multi-Higgs models, in general, flavor
changing neutral currents (FCNC) appear unfavorably.
In the present paper, on the basis of a model where quark and lepton masses
and family-mixings are caused not by a variety of Yukawa couplings yij (i, j =
1, 2, 3: family indices) with one vacuum expectation value (VEV) v = 〈φ0L〉0, but
by a variety of VEV’s vji = 〈φ0jLi〉0 with a single coupling constant, we investigate
the following problems: what constraints on the Higgs potential are imposed in
order to provide realistic quark and lepton mass spectra and KM mixings and
what constraints on the Higgs boson masses are required in order to suppress
unwelcome FCNC effects. It will be concluded that a special form of the Higgs
potential V (φL), which leads to realistic quark and lepton mass spectra, can safely
suppress unwelcome FCNC and the present experimental data put lower bounds
of a few TeV on the physical Higgs boson masses.
The model we discuss is a seesaw-type quark and lepton mass matrix model
[3], where the 6× 6 mass matrix for fermions f and F are given by
(f F )L
 0 mL
mR MF
 f
F

R
, (1.1)
where fL = (2, 1), fR = (1, 2), FL = (1, 1) and FR = (1, 1) of SU(2)L×SU(2)R. We
assume that 3×3 matricesmL andmR are universal for f = u, d, ν and e (up-quark-
, down-quark-, neutrino- and charged lepton-sectors), so that differences between
quark and lepton sectors and between up- and down-sectors come only from the
differences of MF . We assume that the structure of MF is simply given by [(unit
matrix)+ bf (a rank-one matrix)], where bf is a complex parameter depending on
f (up- or down- and quark or lepton sectors). The SU(2)L [SU(2)R] symmetry
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breaking matrix mL [mR] is given by yL〈φ0L〉0 [yR〈φ0R〉0], where φL [φR] belongs to
(2,1,8+1) [(1,2,8+1)] of SU(2)L×SU(2)R×U(3)family . Note that the U(3)-family
symmetry is badly broken by the heavy fermion mass matrix MF , as we state in
Sect.2.
Generally, the diagonalization of the mass matrix (1.1) transforms the vertex
(f F )L
 0 Γ12
Γ21 Γ22
 f
F

R
, (1.2)
into
(f
′
F
′
)L
 Γ′11 Γ′12
Γ′21 Γ
′
22
 f ′
F ′

R
, (1.3)
where Γ12 = yLφ
0
L and so on, and (f
′, F ′) are mass eigenstates, so that the vertex Γ′11
is not Γ′11 = 0 any longer. (The details are discussed in Sect.3.) Since the physical
Higgs bosons φL are sufficiently light compared with the other Higgs bosons φR
and so on, the contributions to FCNC in quarks and leptons will be dominated
only by φL. Therefore, in the present paper, we will concentrate our study on the
Higgs boson φL.
In the present paper, as a model of the Higgs boson φL, we adopt a U(3)-
family nonet Higgs boson model [4], which was proposed by one of the authors
(Y.K.) in order to explain a charged lepton mass relation [5]
me +mµ +mτ =
2
3
(
√
me +
√
mµ +
√
mτ )
2 , (1.4)
which predicts mτ = 1776.969± 0.001 MeV for the input values [6] of me and mµ.
He assumed a U(3)family nonet Higgs boson φ whose potential is given by
V (φ) = µ2Tr(φφ†) +
1
2
λ
[
Tr(φφ†)
]2
+ ηφsφ
∗
sTr(φoctφ
†
oct) . (1.5)
Here, for simplicity, the SU(2)L structure of φ has been neglected, and we have
expressed the nonet Higgs bosons φji by the form of 3× 3 matrix,
φ = φoct +
1√
3
φs 1 , (1.6)
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where φoct is the octet part of φ, i.e., Tr(φoct) = 0, and 1 is a 3 × 3 unit matrix.
For µ2 < 0, conditions for minimizing the potential (1.5) lead to the relation
v∗svs = Tr
(
v†octvoct
)
, (1.7)
together with v = v†, where v = 〈φ〉0, voct = 〈φoct〉0 and vs = 〈φs〉0, so that we
obtain the relation
Tr
(
v2
)
=
2
3
[Tr(v)]2 . (1.8)
If we assume a seesaw-like mechanism for charged lepton mass matrix Me, Me ≃
mM−1E m, with m ∝ v and heavy lepton mass matrix ME ∝ 1, we can obtain the
mass relation (1.4).
However, the model (1.5) is only a toy model, and here the SU(2)L struc-
ture of φ was not discussed explicitly. Moreover, the Higgs potential (1.5) brings
unwelcome massless physical Higgs bosons into the theory. In the present paper,
we investigate what potential form of φL is favorable in order to provide realistic
fermion mass spectrum without contradicting the present experimental data. The
outline of the model is presented in the next section 2.
In the section 3, we discuss the Higgs potential V (φL) of the U(3)-family
nonet Higgs bosons φL (φR) under an ansatz and the conditions for minimizing
V (φL). In Sect.4, we calculate masses of the Higgs boson φL, and in Sect.5, we
estimate a lower bound of the mass of the Higgs bosons φjLi (i 6= j) from the ex-
perimental data of the rare kaon decay KL → e±µ∓. Besides, the present model,
in general, induces FCNC. In Sect.6, we will estimate lower bounds of the physi-
cal Higgs boson masses from the present experimental data of K0K
0
- and D0D
0
-
mixings, and so on. Finally, in Sect.7, we will speculate a possible new physics
which is expected from the present model.
2. Outline of the model
In our scenario, we prepare the following fermions: f = ℓ, q (ℓ = (ν, e),
q = (u, d)) and F = N,E, U,D, which belong to fL = (2, 1, 3), fR = (1, 2, 3), FL =
(1, 1, 3), and FR = (1, 1, 3) of SU(2)L×SU(2)R×U(3)family , respectively. Here,
SU(2)L×SU(2)R are gauged, but U(3)family is not gauged. The global symmetry
U(3)family will be broken not spontaneously, but explicitly. Up- and down-heavy
fermions, F up and F down, are distinguished by hypercharge Y (note that Y 6= B−L
for the heavy fermions): Hypercharges of the heavy fermions (N,E) and (U,D) take
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the values (0,−2) and (4/3,−2/3), respectively. The quantum numbers of those
fields are listed in Table I.
In the present model, differently from the standard SU(2)L×SU(2)R×U(1)B−L
model, we do not consider Higgs scalar fields which belong to (2, 2) of SU(2)L×SU(2)R,
so that there are no Higgs fields which couple with ff at tree level. We assume
only the following Yukawa interactions:
HY ukawa = y0
∑
i,j
F
i
[
δjiΦ0 + 3bf (ΦX)
j
i
]
Fj
+yL
∑
i,j
[
f
i
L(φL)
j
iF
down
Rj + f
i
L(φ˜L)
j
iF
up
Rj + h.c.
]
+ (L↔ R) , (2.1)
where φ = (φ+, φ0) and φ˜ = (φ
0
,−φ−). The scalar fields φL and φR belong to
(2, 1, 8 + 1) and (1, 2, 8 + 1) of SU(2)L×SU(2)R×U(3)family, respectively, and
the VEV’s 〈φ0L〉0 and 〈φ0R〉0 provide left- and right-handed weak boson masses
m(WL) and m(WR), respectively. The fields Φ0 and ΦX which belong to (1,1,1)
and (1,1,8+1), respectively, do not contribute to weak boson masses m(WL) and
m(WR), but play only a role of providing extremely large masses for vector-like
fermions F . Then, the mass matrices for fermions (f, F ) are given by
(f F )upL
 0 m†L
mR MF
 f
F
up
R
+ (f F )downL
 0 mL
m†R MF
 f
F
down
R
+ h.c. .
(2.2)
In the present model, since we will choose m†L = mL and m
†
R = mR later, what we
should do is to diagonalize the 6× 6 mass matrix
M =
 0 mL
mR MF
 . (2.3)
Under the approximation of MF ≫ mL, mR, we obtain a seesaw-type mass matrix
form
Mf ≃ mLM−1F mR . (2.4)
The structures of mL and mR are common to quarks and leptons. The variety of
Mf comes from structures of MF which depend on F = U,D,N and E.
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In the present paper, we assume that
〈φ0R〉0 ∝ 〈φ0L〉0 . (2.5)
i.e., each term in V (φR) takes the coefficient which is exactly proportional to the
corresponding term in V (φL). This assumption means that there is a kind of
“conspiracy” between V (φR) and V (φL). However, in this paper, we will not go
into this problem moreover.
On the other hand, the heavy fermion mass matrices MF are given by MF =
y0
[
〈Φ0〉01+ (yFX/y0)〈ΦX〉0
]
, where 〈Φ0〉0 = V0, 〈ΦX〉0 = V FXX and
1 ≡

1 0 0
0 1 0
0 0 1
 and X ≡ 13

1 1 1
1 1 1
1 1 1
 . (2.6)
Note that the U(3)-family symmetry is badly broken by 〈ΦX〉0. The democratic
term X in MF may be understood, for example, by a permutation group S3 [8].
However, in the present stage, since our interest is focused on the light Higgs boson
φL, we do not touch the origin of the democratic term X . Anyhow, we assume
that the MF is given by
MF = m0Kf (1+ 3bfX) , (2.7)
wherem0Kf = y0V0 and 3bf = (y
F
X/y0)(VX/V0). Since the parameterKf is given by
Kf = y0〈Φ0〉0, it is independent of f = u, d, e, ν, i.e., Ke = Ku = Kd at µ = m0K.
However, for numerical evaluations, we will treatKf effectively as Ke 6= Ku ≃ Kd,
because of the evolution from µ ∼ m0K to µ ∼MW .
The variety of the quark and lepton mass matrices Mf essentially originates
in the parameter bf . Since we take vL ≡ 〈φ0L〉0 and vR ≡ 〈φ0R〉0 such as they are
Hermitian, a CP violation phase can be included only in the heavy fermion mass
matrix MF (i.e., in the parameter bf). For the charged leptons, considering the
phenomenological success of the relation (1.8) [i.e., (1.4)], we put be = 0. Therefore,
the mass matrix of the heavy leptons ME is Hermitian, and CP violation does not
manifest in the charged lepton sector.
The phenomenological study of the quark mass spectrum and family-mixings
based on the seesaw-type mass matrix (1.1) withMF of the form (2.7) has been done
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by one of the authors (Y.K.) and Fusaoka [9]. They have found that the seesaw-type
mass matrix with MF of the form (2.7) can provide an explanation why mt ≫ mb,
while mu ∼ md, by taking bu = −1/3 (βu = 0) and bd ≃ −eiβd (βd ≃ −20◦),
but with keeping Ku = Kd: The inverse of the matrix [(unit matrix)+(democratic-
type matrix)], 1+3bfX , also take a form [(unit matrix)+(democratic-type matrix)],
1 + 3afX , with af = −bf/(1 + 3bf); The enhancement mt/mb ≫ 1 comes from
|af | → ∞ in the limit of bf → −1/3, while mu ∼ md comes from the feature
that the democratic-type mass matrix [10] can provide a large mass only to the
third family, i.e., the effect of |au| → ∞ contributes mainly to mt. Of course,
by adjusting the parameter βd, they [9] have also obtained reasonable KM matrix
parameters as well as up- and down-quark masses. Here, we do not repeat their
numerical results.
Since the VEV of φ0L is small compared with those of other Higgs fields φ
0
R,
Φ0 and ΦX , i.e., (Tr〈φL〉20)1/2 ∼ 102 GeV, we expect some observable effects of the
physical Higgs bosons φL in the low energy (10
2 − 103 GeV) experiments. The
purpose of the present paper is to investigate the physics of the U(3)family nonet
Higgs bosons φL from the phenomenological point of view. In the next section, we
investigate a possible form of V (φL) which derives the relation (1.8) (therefore the
charged lepton mass relation (1.4)). However, we will not touch what mathematical
requirements can provide such a potential form. The purpose of the present paper
is to study masses of the physical Higgs bosons φL and their interactions with gauge
bosons and fermions when the fields φL are described by such a potential which
can lead to the relation (1.8).
3. Higgs potential V (φL) and “nonet” ansatz
What is of great interest to us is a potential form of φL, V (φL). Hereafter,
we will omit the index L and simply write φL as φ. We do not consider mixings
among Higgs scalar fields with hierarchically different VEV’s, i.e., among φL, φR
and Φ0,X . Then, the potential V (φ) is given by
V (φ) = Vnonet + VOct·Singl + VSB , (3.1)
where Vnonet is a part of V (φ) which satisfies a “nonet” ansatz stated below,
VOct·Singl is a part which violates the “nonet” ansatz, and VSB is a term which
breaks U(3)family explicitly.
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The “nonet” ansatz is as follows: the octet component φoct and singlet com-
ponent φs of the Higgs scalar fields φL (φR) always appear with the combination
of (1.6) in the Lagrangian. Under the “nonet” ansatz, the SU(2)L invariant (and
also U(3)family invariant) potential Vnonet is given by
Vnonet = µ
2Tr(φφ) +
1
2
λ1
∑
i,j
∑
k,l
(φ
j
iφ
i
j)(φ
l
kφ
k
l )
+
1
2
λ2
∑
i,j
∑
k,l
(φ
j
iφ
l
k)(φ
k
l φ
i
j) +
1
2
λ3
∑
i,j
∑
k,l
(φ
j
iφ
l
k)(φ
i
jφ
k
l ) , (3.2)
where (φφ) = φ−φ+ + φ
0
φ0. Here, for simplicity, we have taken only U(3)family
singlet terms in which each two of four fields can make U(3)family singlets. A
more general case, which includes terms
∑
i,j,k,l(φ
j
iφ
k
j )(φ
l
kφ
i
l) and so on, is given in
Appendix A.
In addition to Vnonet which satisfies the nonet ansatz, we consider terms the
following interaction terms between octet- and singlet-components VOct·Singl which
break the nonet ansatz:
VOct·Singl = η1(φsφs)Tr(φoctφoct) + η2
∑
i,j
(
φs(φoct)
j
i
) (
(φoct)
i
jφs
)
+η3
∑
i,j
(
φs(φoct)
j
i
) (
φs(φoct)
i
j
)
+ η∗3
∑
i,j
(
(φoct)
j
iφs
) (
(φoct)
i
jφs
)
. (3.3)
Note that the both potential terms Vnonet+VOct·Singl are invariant under SU(3)family
symmetry and the exchange φoct ↔ 1(φs/
√
3).
As stated later, the potential which consists only of Vnonet and VOct·Singl
cannot fix each value vi of the VEV’s 〈φ0〉0 = v = diag(v1, v2, v3) completely,
although we can derive that the VEV’s v should satisfy the relation (1.8). In order
to fix three values of vi completely, we will add to an explicitly U(3)family symmetry
breaking term VSB. We consider that gauge symmetries are exact symmetries
in the original Hamiltonian, so that those are broken only spontaneously, while
global symmetries are phenomenological and approximate symmetries, so that the
symmetries may be broken explicitly.
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For a time, we neglect the term VSB in (3.1). For µ
2 < 0, conditions for
minimizing the potential (3.1) are as follows:[
µ2 + (λ1 + λ2)Tr(v
†v)
]
v∗s + λ3Tr(v
†v†)vs
+(η1 + η2)Tr(v
†
octvoct)v
∗
s + 2η
∗
3Tr(v
†
octv
†
oct)vs = 0 , (3.4)[
µ2 + (λ1 + λ2)Tr(v
†v)
]
voct + λ3Tr(v
†v†)voct + (η1 + η2)v
∗
sv
∗
sv
†
oct + 2η3v
∗
sv
∗
svoct = 0 ,
(3.5)
and the similar equations with v ↔ v† (voct ↔ v†oct and vs ↔ v†s). For simplicity,
we consider the case η∗3 = η3, so that v
† = v. Then, we can readily obtain the
desirable relation
v2s = Tr(v
2
oct) =
−µ2
2(λ1 + λ2 + λ3) + η1 + η2 + 2η3
, (3.6)
which leads to the relation (1.8).
Note that the exact nonet form (1.6) is not always essential to provide the
relation (1.8). In the modified potential
Vnonet = µ
2
s(φsφs) + µ
2
octTr(φoctφoct) +
1
2
λ1
∑
i,j
∑
k,l
(φ
j
iφ
i
j)(φ
l
kφ
k
l ) + · · · , (3.7)
where
φ = φoct +
k√
3
φs 1 , (3.8)
we can also obtain the desirable relation (1.8) when the coefficient k satisfies
k2 = µ2s/µ
2
oct , (3.9)
because the conditions for minimizing (3.7) leads to
k2v2s = Tr(v
2
oct) =
−µ2s
2(λ1 + λ2 + λ3) + η1 + η2 + 2η3
. (3.10)
The essential assumption is that the terms φsφs and φoctφoct appear with the same
relative weight in Vnonet and in the Yukawa interactions with fermions. However,
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there is no substantial difference between the cases of k = 1 and k 6= 1 for evaluation
of physical quantities. Therefore, hereafter, we will investigate only the case of
k = 1.
So far, we do not have any conditions more than (3.6) (therefore (1.8)) for
v, although it is sufficient for deriving charged lepton mass relation (1.4). In order
to fix each component of v, we must add some additional terms to the potential
V (φ).
In general, we can choose such a family-basis in which v is given by a diagonal
form
v = diag(v1, v2, v3) . (3.11)
Then, under the replacement φ0 → φ0 + v, seven components of φ0oct, i.e., six com-
ponents φ0ji (i 6= j) and a diagonal component (we denote it as φ0y) can invariant,
although the singlet component φ0s and the other diagonal component φ
0
x which is
orthogonal to φ0y cannot be invariant:
φ0s → φ0s + vs ,
φ0x → φ0x + vx ,
φ0y → φ0y ,
(φ0)ji → (φ0)ji (i 6= j) .
(3.12)
Therefore, we add the following U(3)family symmetry breaking terms to the poten-
tial of φ:
VSB = ξ
(φyφy) +∑
i,j
(φ
0j
i φ
0i
j )
 . (3.13)
We can easily see that the relation (3.6) is unchanged even by adding such the
explicitly symmetry-breaking terms VSB, because of (3.12). We would like to stress
that the explicit U(3)family breaking (3.13) is a soft breaking, so that it does not
spoil the Yukawa sector. We consider that the parameter ξ satisfies
ξ + µ2 > 0 , (3.14)
in order to guarantee 〈φ0y〉0 = 0 and 〈φ0ji 〉0 = 0 (i 6= j).
We can rewrite the mass terms µ2Tr(φφ) + VSB into
µ2(φsφs) + µ
2
octTr(φoctφoct) + V
′
SB , (3.15)
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where
V ′SB = −ξ(φxφx) , (3.16)
and µ2oct = ξ + µ
2. The term V ′SB plays a role to fix the axis of the SU(3)family
breaking.
Here, for convenience of our discussions, we define the parameters zi as
vi = v0zi , (3.17)
v0 = (v
2
1 + v
2
2 + v
2
3)
1/2 , (3.18)
with z21 + z
2
2 + z
2
3 = 1. Also we define the diagonal components of φoct, φx and φy,
as
φx = x1φ
1
1 + x2φ
2
2 + x3φ
3
3 ,
φy = y1φ
1
1 + y2φ
2
2 + y3φ
3
3 ,
(3.19)
with
∑
i xi = 0,
∑
i yi = 0,
∑
i x
2
i = 1,
∑
i y
2
i = 1 and
∑
i xiyi = 0, where vi =
vs/
√
3 + xivx. Then, the coefficients xi and yi are given by the following relations:
xi =
√
2zi − 1√
3
, (3.20)
(y1, y2, y3) = (
x2 − x3√
3
,
x3 − x1√
3
,
x1 − x2√
3
) . (3.21)
Some useful formulas for the parameters zi are given in Appendix B.
Although in the present stage of the model, we must add an SU(3)family
symmetry breaking term V ′SB by “hand”, this does not mean that we must provide
three values (x1, x2, x3). The independent parameter of xi is only one (for example,
see (B7) in Appendix B).
4. Higgs boson masses and interactions
For convenience, we rewrite the fields φ± and φ0 with the fields χ±, χ0, and
H0 defined by  φ+
φ0
 = 1√
2
 i√2χ+
H0 − iχ0
 , (4.1)
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Then, the mass terms after the spontaneous symmetry breakdown are given by
Vmass = Vm(χ
±) + Vm(χ
0) + Vm(H
0) , (4.2)
Vm(χ
±) = ξ
∑
i 6=j
(χ−)ji (χ
+)ij + χ
−
y χ
+
y

+(λ2 + λ3)
[
Tr(vχ+)Tr(vχ−)− 2v2sTr(χ−χ+)
]
+(η2 + 2η3)
[
vsχ
−
s Tr(vχ
+) + vsχ
+
s Tr(vχ
−)− 2v2sχ−s χ+s − v2sTr(χ−χ+)
]
, (4.3)
Vm(χ
0) =
1
2
ξ
∑
i 6=j
(χ0)ji (χ
0)ij + χ
0
yχ
0
y
+ λ3 {[Tr(vχ0)]2 − 2v2sTr(χ0χ0)}
+2η3
[
−v2sTr(χ0χ0) + 2vsχ0sTr(vχ0)− 2v2sχ0sχ0s
]
, (4.4)
Vm(H
0) =
1
2
ξ
∑
i 6=j
(H0)ji (H
0)ij +H
0
yH
0
y
+ (λ1 + λ2 + λ3)[Tr(vH0)]2
+2(η1 + η2 + 2η3)vsH
0
s
[
Tr(vH0)− vsH0s
]
, (4.5)
where we have used the relations (3.4) and (3.5).
First, we discuss masses of the charged Higgs bosons χ±. From (4.3), the
mass terms
∑
i,j(χ
−)iiM
2
ij(χ
+)jj for the diagonal components of the fields χ
± are
given by
M2ij = ξyiyj + (λ2 + λ3)(vivj − v20δij)+
+
1
3
(η2 + 2η3)(v1 + v2 + v3)
[
(vi + vj)− (v1 + v2 + v3)(2
3
+ δij)
]
, (4.6)
where, from (3.20) and (3.21), yi is given by yi =
√
2(vj − vk)/
√
3v0 ((i, j, k) are
cyclic indexes of (1, 2, 3)).
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The mass matrix (4.6) is diagonalized by transforming (φ11, φ
2
2, φ
3
3) into

φ1
φ2
φ3
 =

z1 z2 z3
z1 −
√
2
3
z2 −
√
2
3
z3 −
√
2
3√
2
3
(z2 − z3)
√
2
3
(z3 − z1)
√
2
3
(z1 − z2)


φ11
φ22
φ33
 , (4.7)
(φ = χ±, χ0 and H0). From (3.20) and (3.21), we find

φ1
φ2
φ3
 = 1√2

φx + φs
φx − φs√
2φy
 . (4.8)
Then, we obtain the masses of χ± as follows :
m2(χ±1 ) = 0 ,
m2(χ±2 ) = −(λ2 + λ3 + η2 + 2η3)v20 ,
m2(χ±3 ) = −
[
λ2 + λ3 +
1
2
(η2 + 2η3)− ξ
]
v20 ,
m2(χ
±j
i ) = −
[
λ2 + λ3 +
1
2
(η2 + 2η3)− ξ
]
v20 ,
(4.9)
where
ξ = ξ/v20 , (4.10)
and χji denotes a boson with i 6= j.
Similarly, by the transformation (4.7), we obtain masses of χ0 and H0 :
m2(χ01) = 0 ,
m2(χ02) = −2(λ3 + 2η3)v20 ,
m2(χ03) = −
[
2(λ3 + η3)− ξ
]
v20 ,
m2(χ0ji ) = −
[
2(λ3 + η3)− ξ
]
v20 ,
(4.11)
and
m2(H01 ) = [2(λ1 + λ2 + λ3) + η1 + η2 + 2η3] v
2
0 ,
m2(H02 ) = −(η1 + η2 + 2η3)v20 ,
m2(H03 ) = ξv
2
0 ,
m2(H0ji ) = ξv
2
0 .
(4.12)
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Since µ2 < 0, the positivity of m2(H01 ) is guaranteed by (3.6), i.e.,
2(λ1 + λ2 + λ3) + η1 + η2 + 2η3 = −2µ2/v20 > 0 . (4.13)
The positivities of m2(H02 ) and m
2(χ±2 ) require
2(λ1 + λ2 + λ3) > −(η1 + η2 + 2η3) > 0 , (4.14)
and
2λ1 + λ2 + λ3 + η1 > −(λ2 + λ3 + η2 + 2η3) > 0 , (4.15)
respectively. These relations are consistent with the positivity conditions of the
potential for large values of the fields φ. From (4.13) and (3.14), we obtain a
constraint
2m2(H03 ) > m
2(H01 ) . (4.16)
If we suppose ξ → ∞, the Higgs bosons χ±ji , χ±3 , χ0ji , χ03, H0ji and H03
decouple from the present model, the physical Higgs bosons become only H01 , H
0
2 ,
χ02 and χ
±
2 , so that the model becomes essentially identical with the two-Higgs-
doublet model [11].
On the other hand, weak boson masses are obtained by calculating the ki-
netic term Tr(DµφD
µφ) (Dµ is a covariant derivative). From the straightforward
calculation, we can check that the Higgs bosons which are eaten by weak bosons
W± and Z0 are χ±1 and χ
0
1. The masses of weak bosons are given by
m2(W±) =
1
2
g2v20 , (4.17)
m2(Z0) =
1
2
g2zv
2
0 , (4.18)
where gz = g/ cos θW . Therefore, the value of v0 is given by
v20 =
m2(W±)
g2/2
=
1
4GF/
√
2
= (174 GeV)2 . (4.19)
Since we take interest only in new effects which are caused by the existence of
φL, we neglect mixing of φL with φR. Since, for a time, we deal only with tree-level
physics, we calculate the interactions of φL by taking the unitary gauge.
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Interactions of φL with gauge bosons are calculated from the kinetic term
Tr(DµφLD
µφL). The results are as follows :
HEW = +
1
2
(
2gmWW
−
µ W
+µ + gzmZZµZ
µ
)
H01
+i
(
eAµ +
1
2
gz cos 2θWZµ
)
Tr(χ−
↔
∂ µχ+) +
1
2
gzZµTr(χ
0
↔
∂ µH0)
+
(
e2AµA
µ + egz cos 2θWAµZ
µ +
1
4
g2z cos
2 2θWZµZ
µ
)
Tr(χ−χ+)
+
1
8
g2zZµZ
µ[Tr(χ0χ0) + Tr(H0H0)]
+
1
4
g2W−µ W
+µ
[
2Tr(χ−χ+) + Tr(χ0χ0) + Tr(H0H0)
]
−1
2
g
(
eAµ − gz sin2 θWZµ
) {
W+µ[Tr(χ−χ0) + iTr(χ−H0)] + h.c.
}
, (4.20)
where gz = g/ cos θW and χ
±
1 = χ
0
1 = 0. Note that the interactions of the neutral
Higgs bosonH01 with gauge bosons are completely identical with those of the neutral
Higgs boson H0 in the standard model.
Three-body interactions of φL are calculated from the potential (3.1):
Hφφφ =
√
2λ1v0Tr(χ
−χ+)H01 +
1√
2
(λ1 + λ2)v0Tr(χ
0χ0 +H0H0)H01
− 1√
2
λ3v0Tr(χ
0χ0 −H0H0)H01 +
√
2iλ4Tr[(χ
0v − vχ0)χ−χ+]
+
1
2
√
2
λ5{Tr
[
(H0v + vH0)(χ−χ+ + χ+χ−)
]
− iTr
[
(χ0v − vχ0)(χ−χ+ − χ+χ−)
]
−2Tr[v(χ+H0χ− + χ−H0χ+)]}
+
1
2
√
2
η1v0
[
(H01 −H02 )Tr(2χ−χ+ + χ0χ0 +H0H0)
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+H02 (2χ
−
2 χ
+
2 +H
0
1H
0
1 +H
0
2H
0
2 − 2H01H02 )
]
+
1√
2
η2v0{−χ−2 Tr[χ+(H0 + iχ0)] + h.c.
+(H01 −H02 )[Tr(H0H0 + χ0χ0)− 2χ−2 χ+2 ]
+H02 (χ
0
2χ
0
2 +H
0
1H
0
1 +H
0
2H
0
2 − 2H01H02 )]}
+
1√
2
η3{−χ−2 Tr[χ+(H0 − iχ0)] + h.c.− 2χ02Tr(χ0H0)
+(H01 −H02 )[Tr(H0H0 − χ0χ0)− 2χ−2 χ+2 ]
+H02 (H
0
1 −H02 )2 − (2H01 −H02 )χ02χ02} . (4.21)
As we discuss in Sect.5 and Sect.6, we consider that only the Higgs boson H01
is light compared with the other Higgs bosons whose masses are of the order of
TeV. The interaction (4.21) states the absence of the decays of these Heavy Higgs
bosons into two H21 states. Of course, the lightest Higgs boson H
0
1 cannot decay
into multi-Higgs-boson states. The dominant decay modes of our Higgs bosons are
those into two fermion states.
5. Effective fermion-Higgs interactions and KL → µ±e∓ decay
Our Higgs particles φL do not have interactions with light fermions f at tree
level, and they can couple only between light fermions f and heavy fermions F .
However, since the fermion mass matrix (2.3) is diagonalized, the physical fermion
states (mass eigenstates) are mixed states of f and F . The physical fermion states
are given by
 f physL
F physL
 =
 UfL 0
0 UFL
 U (6×6)L
 fL
FL
 , (5.1)
(and the similar relation with L → R), where 6 × 6 unitary matrices U (6×6)L and
U
(6×6)
R diagonalize the 6× 6 mass matrix (2.3) as
U
(6×6)
L
 0 mL
mR MF
U (6×6)†R =
 Mf 0
0 M
′
F
 , (5.2)
16
and 3× 3 unitary matrices UfL/R and UFL/R diagonalize the 3× 3 mass matrices Mf
and M
′
F in (5.2) into the diagonal matrices Df and DF as
UfLMfU
f†
R = Df , U
F
LM
′
FU
F †
R = DF , (5.3)
respectively.
In the “seesaw” approximation (mL, mR,≪MF ), the 6× 6 unitary matrices
U
(6×6)
L/R are given by
U
(6×6)
L ≃
 1 −mLM−1F
M †−1F mL 1
 , (5.4)
U
(6×6)
R ≃
 1 −mRM †−1F
M−1F mR 1
 , (5.5)
where mL and mR are Hermitian in the present model. Therefore, an interaction
vertex with the fermions (f, F )
 Γ11 Γ12
Γ21 Γ22
 , (5.6)
is also transformed into  Γphys11 Γphys12
Γphys21 Γ
phys
22
 , (5.7)
where
Γphys11 ≃ UfL
[
Γ11 − Γ12M−1F mR −mLM−1F Γ21 +mLM−1F Γ22M−1F mR
]
Uf†R
≃ UfL
[
Γ11 + Γ12m
−1
L Mf +Mfm
−1
R Γ21 +Mfm
−1
R Γ22m
−1
L Mf
]
Uf†R , (5.8)
and so on. In (5.8), we have used the relation
Mf ≃ −mLM−1F mR . (5.9)
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For the interactions of φL with fermions, the vertex (5.6) is given by Γ12 =
yfφL and Γ11 = Γ12 = Γ22 = 0, so that we obtain
Γphys11 ≃ UfLyfφLm−1L MfUf†R = UfLφL〈φL〉−10 Uf†L Df , (5.10)
where we have used the relations mL = yf〈φL〉0 and UfLMfUf†R = Df .
For charged leptons f = e, since UeL = U
e
R = 1, De = diag(me, mµ, mτ ) and
〈φL〉−10 = v−1 = diag(v−11 , v−12 , v−13 ), the fields (φL)ji couple to (ephysiL ephysjR ) with the
effective coupling
κj ≡
mej
vj
=
1
v0
√
mej(mτ +mµ +me) =
mτ +mµ +me
v0
zj . (5.11)
For example, for the interaction of (H0 − iχ0)/√2, we obtain
1√
2
κj(e
i
LeRj)(H
0 − iχ0)ji +
1√
2
κi(e
i
ReLj)(H
0 + iχ0)ji
=
1
2
√
2
{
(ei(aij − bijγ5)ej)(H0)ji + i(ei(bij − aijγ5)ej)(χ0)ji
}
, (5.12)
where
aij = κi + κj , bij = κi − κj . (5.13)
Therefore, in the pure leptonic modes, the exchange of φL cannot cause family-
number non-conservation. On the other hand, in quark sector, since U qL/R 6= 1, the
family-number non-conservation is, in general, caused by the exchange of φL.
Note that even in the limit of UfL = 1, the Higgs bosons (H
0)ji (i 6= j) can
sensitively affect rare decay modes KL → e∓µ±, K+ → π+e−µ+, D+ → π+µ−e+,
B+ → π+e−τ+, B+ → K+µ−τ+, and so on. The most rigorous bound of the mass
of the Higgs bosons (H0)ji ((χ
0)ji (i 6= j) comes from the rare decay KL → e∓µ±.
The effective Hamiltonian for the decay s→ d+ e+ + µ− is given by
Heff =
1
m2H
(d(asd + bsdγ5)s)(µ(aµe − bµeγ5)e)
+
1
m2χ
(d(bsd + asdγ5)s)(µ(bµe − aµeγ5)e) , (5.14)
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where
asd ≃ 1
2
√
2
(
ms
v2
+
md
v1
)
, bsd ≃ 1
2
√
2
(
ms
v2
− md
v1
)
, (5.15)
aµe =
1
2
√
2
(
mµ
v2
+
me
v1
)
, bµe =
1
2
√
2
(
mµ
v2
− me
v1
)
, (5.16)
and we have used Ud ≃ 1. By using the relation
〈0|(dγ5s)|K0(p)〉 = −i
ms +md
fKm
2
K , (5.17)
we obtain the decay amplitude
A(K0 → e−µ+) = fKm
2
K
ms +md
[
bsd
m2H
(µ(aµe − bµeγ5)e) + asd
m2χ
(µ(bµe − aµeγ5)e)
]
,
(5.18)
so that
Γ(KL → e±µ∓) ≃ mK
256π
(
fKm
2
K
ms +md
)2 (
1
m2H
+
1
m2χ
)2 (
ms
v2
)2 (mµ
v2
)2
, (5.19)
where we have used the approximation for (md/v1)
2 ≪ (ms/v2)2 and (me/v1)2 ≪
(mµ/v2)
2. The experimental lower bound [6] B(KL → e±µ∓) < 3.3 × 10−11 puts
the constraint (
1
m2H
+
1
m2χ
)−1
> (1.69 TeV)2 . (5.20)
If mH ∼ mχ, (5.20) leads to the lower bound
m(H3) ≃ m(χ3) > 2.4 TeV . (5.21)
Thus, Higgs scalar masses are expected to be a few TeV region.
6. Constraints on the Higgs boson masses from P 0P
0
mixings
As stated in the previous section, since U qL 6= 1 in quark sector, flavor chang-
ing neutral currents (FCNC), in general, appear by exchanging the Higgs bosons
19
φ2, φ3 and φ
j
i (i 6= j) (φ = H0 and χ0), and they can sensitively contribute to
the K0K
0
, D0D
0
and B0B
0
mixings. In this section, we study the magnitudes of
FCNC in details.
Note that as far as the physical Higgs boson H01 is concerned, the interaction
with quarks qi is still diagonal type (qiqi)H
0
1 , because H
0
1 =
∑
i vi(H
0)ii/v0, so that
1√
2
1
v0
(qLU
q
Lv〈φL〉−10 U q†L DqqR)H01 + h.c. =
1√
2
∑
i
mqi
v0
(qiqi)H
0
1 . (6.1)
Therefore, the interactions ofH01 with quarks are identical with those of the physical
neutral Higgs boson H0SM in the standard model. Recall that the electroweak
interactions of H01 are also identical with those of H
0
SM . As far as H
0
1 is concerned,
we cannot distinguish from the standard-model Higgs boson H0SM experimentally.
The fermion-Higgs boson interactions are, from (5.10), given by
Hffφ = (fLUφv
−1U †DfR) + h.c.
=
∑
i,j
(f iLfjR)
∑
k 6=l
φlk
mj
vl
Uki U
l∗
j +
∑
k
φkk
mj
vk
Uki U
k∗
j
+ h.c. , (6.2)
where U ≡ UfL, φ ≡ φ0 = (H0 − iχ0)/
√
2, D ≡ Df = diag(mf1 , mf2 , mf3) and
f = u, d.
The interactions with φlk (k 6= l) are rewritten as follows:
1
2
√
2
∑
i,j
∑
k 6=l
f i
[
(Aklij −Bklij γ5)(H0)lk + i(Bklij −Aklijγ5)(χ0)lk
]
fj , (6.3)
where
Aklij =
1
2
(
mi
vk
+
mj
vl
)
Uki U
l∗
j , B
kl
ij =
1
2
(
mi
vk
− mj
vl
)
Uki U
l∗
j . (6.4)
For the interactions with φkk, by using the expression
φkk = zkφ1 +
zk −
√
2
3
φ2 +
√
2
3
(zl − zm)φ3 , (6.5)
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where (k, l,m) are cyclic indices of (1,2,3), we can obtain
∑
i,j
mj
v0
(f iLfjR)
δji (φ1 + φ2)−
√
2
3
φ2
∑
k
1
zk
Uki U
k∗
j +
√
2
3
φ3
∑
k
zl − zm
zk
Uki U
k∗
j
+h.c.
=
1√
2
∑
i
mi
v0
[
(f ifi)(H
0
1 +H
0
2)− i(f iγ5fi)χ02
]
− 1√
3
∑
i,j
[
(f i(aij − bijγ5)fj)H02 + i(f i(bij − aijγ5)fj)χ02
]∑
k
1
zk
Uki U
k∗
j
+
1√
3
∑
i,j
[
(f i(aij − bijγ5)fj)H03 + i(f i(bij − aijγ5)fj)χ03
]∑
k
zl − zm
zk
Uki U
k∗
j , (6.6)
where
aij =
1
2
(
mi
v0
+
mj
v0
)
, bij =
1
2
(
mi
v0
− mj
v0
)
. (6.7)
The effective four-Fermi interactions of FCNC are given by
HFCNC =
1
3
∑
i 6=j
[
1
m2(H02 )
(
f i(aij − bijγ5)fj
)2
− 1
m2(χ02)
(
f i(bij − aijγ5)fj
)2](∑
k
1
zk
Uki U
k∗
j
)2
+
1
3
∑
i 6=j
[
1
m2(H03)
(
f i(aij − bijγ5)fj
)2
− 1
m2(χ
0
3)
(
f i(bij − aijγ5)fj
)2](∑
k
zl − zm
zk
Uki U
k∗
j
)2
+
1
2
∑
i 6=j
∑
k 6=l
[
1
m2(H lk)
(f i(A
kl
ij −Bklij γ5)fj)(f i(Alkij − Blkij γ5)fj)
− 1
m2(χlk)
(f i(B
kl
ij −Aklijγ5)fj)(f i(Blkij − Alkijγ5)fj)
]
. (6.8)
21
If we suppose the case ξ →∞, we can neglect the contributions from φ3 and
φlk (k 6= l) to the K0K0 mixing and so on, since these Higgs bosons decouple from
the low energy effective theory. However, even then, the contributions form φ2 still
remain. From the experimental values of KL-KS and D
0
1-D
0
2 mass differences, the
masses of H02 and χ
0
2 must be large than 10
5 GeV. Considering from (4.14), (4.15)
and v0 = 174 GeV, it is unlikely that H
0
2 and χ
0
2 have such large masses as far as
we suppose that the coupling constants λ3, η1, η2 and η3 are of the order of one or
less than it.
Note that the contributions form χ0 have the opposite signs to that from
H0. If we suppose m2(H0k) = m
2(χ0k) ≡ m2Hk (k = 2, 3), which means
η1 + η2 = 0 , (6.9)
λ3 + η3 = 0 , (6.10)
the contributions of HFCNC are considerably reduced:
HFCNC =
1
3
∑
i 6=j
 1
m2(H02 )
(∑
k
1
zk
Uki U
k∗
j
)2
+
1
m2(H03 )
(∑
k
zl − zm
zk
Uki U
k∗
j
)2
−3
2
1
m2(Hji )
∑
k
(
1
zk
Uki U
k∗
j
)2] [
(f ifj)
2 − (f iγ5fj)2
]
=
1
3
(
1
m2H2
− 1
m2H3
)∑
i 6=j
mimj
v20
∑
k
(
1
z2k
+
zk − zl − zm
z1z2z3
)
(Uki U
k∗
j )
2
×
[
(f ifj)
2 − (f iγ5fj)2
]
, (6.11)
where we have used the relations (B1)–(B4) given in Appendix B and
U liU
l∗
j U
m
i U
m∗
j =
1
2
[
(Uki U
k∗
j )
2 − (U liU l∗j )2 − (Umi Um∗j )2
]
. (6.12)
The constraint (6.9) rewrites the η1- and η2-terms in the potential (3.3) into
η1
∑
i,j
[
φ+s (φ
0
oct)
j
i − (φ+oct)jiφ0s
] [
φ−s (φ
0
oct)
i
j − (φ−oct)ijφ0s
]
, (6.13)
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where (φ+φ0 − φ0φ+) and (φ−φ0 − φ−φ0) belong to I = 0 states. The constraint
(6.10) leads the λ3- the η3-terms in the potential to
1
2
λ3
[
Tr(φoctφoct)− φsφs
]
· [Tr(φoctφoct)− φsφs] , (6.14)
where φφ · φφ denotes the I = 0 component in (I = 1)× (I = 1), i.e.,
φφ · φφ = φ−φ− · φ+φ+ + φ
−φ
0
+ φ
0
φ−√
2
· φ
+φ0 + φ0φ+√
2
+ φ
0
φ
0 · φ0φ0 . (6.15)
Then, the physical Higgs boson masses are given by
m2H1 ≡ m2(H01 ) = 2(λ1 + λ2)v20 ,
m2H2 ≡ m2(H02 ) = m2(χ02) = 2λ3v20 ,
m2H3 ≡ m2(H03 ) = m2(H0ji ) = m2(χ03) = m2(χ0ji ) = ξv20 ,
m2(χ±2 ) = −(λ2 + η2 − λ3)v20 ,
m2(χ±3 ) = −
(
λ2 +
1
2
η2 − ξ
)
v20 .
(6.16)
The mass difference between P ji and P
j
i , ∆mP = m(P
j
i ) −m(P ji ), is given
by [12]
∆mP = ηQCDBPf
2
PmP
( mP
mi +mj
)2
− 1
6
 1
3
(
1
m2H2
− 1
m2H3
)
Kij , (6.17)
where ηQCD ia a QCD correction factor from hard gluon exchange, BP is a pa-
rameter that characterizes the inaccuracy of the vacuum insertion approximation,
and
Kij =
mimj
v20
∑
k
(
1
z2k
+
zk − zl − zm
z1z2z3
)
(Uki U
k∗
j )
2 . (6.18)
Although the (uc) and (ds) currents involve the small factorsmumc/v
2
0 ≃ 2.8×10−7
and mdms/v
2
0 ≃ 6.5 × 10−8, respectively, the contributions of them to the KL-KS
and D0-D
0
mass differences are not negligible because Kij are given by K12 ≃
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|(UdL)12|2/z21 for ∆mK and K12 ≃ |(UuL)12|2/z21 for ∆mD, and the factor 1/z21 takes a
large value 1/z21 = 3.685×103. The experimental values [6] mKL−mKS = (3.510±
0.018)×10−12 MeV, |mD0
1
−mD0
2
| < 20×1010 h¯s−1, mB0
H
−mB0
L
= (0.51±0.06)×1012
h¯s−1, and mB0
sH
−mB0
sL
> 1.8× 1012 h¯s−1 lead to the constraints
(
1/m2H2 − 1/m2H3
)−1/2 ≃ (ηKQCD)1/2 |(UdL)11(UdL)1∗2 | × 32 TeV , (6.19)
(
1/m2H2 − 1/m2H3
)−1/2
>
(
ηDQCD
)1/2 |(UuL)11(UuL)1∗2 | × 16 TeV , (6.20)
(
1/m2H2 − 1/m2H3
)−1/2 ≃ (ηBQCD)1/2 |(UdL)11(UdL)1∗3 | × 38 TeV , (6.21)
and (
1/m2H2 − 1/m2H3
)−1/2
<
(
ηBsQCD
)1/2 |(UdL)12(UdL)1∗3 | × 88 TeV , (6.22)
respectively, where we, for simplicity, have put the other contributions to P 0-P
0
mixing zero, and, we have used BK = 0.65 [13] and fK = 0.160 GeV [6] in (6.19)
and fDB
1/2
D = fBB
1/2
B = fBsB
1/2
Bs = 0.2 GeV in (6.20) – (6.22).
The numerical estimates of the Higgs boson masses depend on the structures
of UuL and U
d
L. From the constraint Vus = (U
u
LU
d†
L )
2
1 ≃ 0.22, we cannot consider
a mass matrix model which provides (UuL)
2
1 ≃ 0 and (UdL)21 ≃ 0 simultaneously.
We suppose |(UuL)21| ∼ |(UdL)21|. If we take |(UdL)11(UdL)21| ≃ 0.22 by way of trial and
ηQCD ≃ 1, the constraint (6.19) predicts
(
1/m2H2 − 1/m2H3
)−1/2 ≃ 7.1 TeV. Only
when mH2 ≃ mH3, the FCNC processes are highly suppressed. Since we have
known mH3 > 2.4 TeV from the data of KL → e±µ∓, we cannot take too low a
value of mH2. For example, for mH3 ≃ 2.5 TeV, the mass difference must be a very
small value mH3 −mH2 ≃ 0.14 TeV.
7. Production and decays of new Higgs bosons
As we stated in Sect.4 and Sect.6, as far as the Higgs boson H01 is concerned,
its interactions with electroweak gauge bosons and with light fermions (quarks
and leptons) are exactly the same ones as the physical Higgs boson H0SM in the
standard model. From (4.16), the decays H01 → H0kH0k , χ0kχ0k (k = 2, 3), (H0)ji (H0)ij
and (χ0)ji (χ
0)ij (i 6= j) are forbidden, so that the dominant decay mode is H01 → bb.
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Therefore, in the present model, it is hard to distinguish the Higgs boson H01 from
H0SM in the standard model.
The most distinguishable ones from the physical Higgs bosons in the standard
model and/or in the conventional multi-Higgs model are (H0)ji and (χ
0)ji (i 6= j).
If we suppose that they have masses of a several hundred GeV, we may expect a
production
e+ + e− → Z∗ → (H0)ji + (χ0)ij , (7.1)
→֒ fi + f j →֒ fj + f i
in a super e+e− linear collider in the near future. Unfortunately, as discussed in
Sect.5 and Sect.6, their masses must be larger than a few TeV, so that we cannot
expect the observation in e+e− collider.
Only a chance of the observation of our Higgs bosons φji is in a production
u+ q(q)→ t + (φ)31 + q(q) (q = u, d, s) , (7.2)
at a super hadron collider with several TeV beam energy, for example, at LHC,
because the coupling atu (btu) is sufficiently large to produce (7.2):
atu ≃ mt
v3
+
mu
v1
= 1.029 + 0.002. (7.3)
The dominant decay modes of (H0)32 and (H
0)31 are hadronic ones, i.e.,
(H0)32 → ct, sb and (H0)31 → ut, db . Only for (H0)21, which is produced by
the reaction u+ q → c+ (H0)21 + q, the leptonic mode (H0)21 → e−µ+ has a visible
branching ratio:
Γ(H21 → uc) : Γ(H21 → ds) : Γ(H21 → e−µ+)
≃ 3
[(
mc
v2
)2
+
(
mu
v1
)2]
: 3
[(
ms
v2
)2
+
(
md
v1
)2]
:
[(
mµ
v2
)2
+
(
me
v1
)2]
= 73.5% : 24.9% : 1.6%, (7.4)
where we have used an approximate relation UfL ≃ 1 and have taken the quark
mass values mq(µ) at µ = 1 GeV, mu = 5.6 MeV, md = 9.9 MeV, ms = 199 MeV
and mc = 1.49 GeV, as the quark masses inside ordinary hadrons.
8. Conclusion
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In conclusion, inspired by the phenomenological success of the charged lepton
mass relation (1.4), we have proposed a model with U(3)family nonet Higgs bosons
φL and φR and vector-like heavy leptons F (F = U,D,N,E) correspondingly to
ordinary quarks and leptons f (f = u, d, ν, e), and have investigated its possible
new physics.
The charged lepton mass relation (1.4) can derive only when the potential
V (φ) takes a special form (3.1), which satisfies “U(3)-family nonet” ansatz. In
order to avoid massless physical Higgs bosons, we must consider a term which
explicitly breaks U(3)-family symmetry, (3.13) [or (3.16)].
In the low energy phenomenology, only the light Higgs boson φL plays a role.
Of the 36 components of our Higgs boson φL, the three, χ
±
1 and χ
0
1, are eaten by
the gauge bosons W± and Z0, respectively. The neutral Higgs boson H01 has the
same interactions with fermions and electroweak gauge bosons, so that it is hard
to distinguish our Higgs boson H01 from the neutral Higgs boson in the standard
model experimentally.
If we take the ξ → ∞ limit in the explicit U(3)-family symmetry breaking
term VSB, the Higgs bosons which have finite masses become only H
0
1 , H
0
2 , χ
0
2 and
χ±2 , so that the model becomes similar to the two-Higgs-doublet model. However,
differently from the conventional two-Higgs-doublet model, our Higgs bosons H02
and χ02 can contribute to the flavor-changing neutral current processes, so that their
masses must be larger than 102 TeV. We think that such a case is unnatural.
For the case of a finite ξ, we have 33 physical Higgs bosons given by (4.5),
(4.11) and (4.12). In order to suppress the rare decay modes KL → µ±e∓, K+ →
π+e−µ+, and so on, we must put the constraint (5.20), which leads to m(H3) ≃
m(χ3) > 2.4 TeV for mH ≃ mχ. In order to suppress the FCNC, the masses of
H02 and χ
0
2 must be, in general, larger than 10
2 TeV. Only the case which gives
an acceptably lower values of the Higgs boson masses is the case m(H) = m(χ)
and mH2 ≃ mH3. Then, we can expect our Higgs bosons with masses of 2.5 TeV
(except for H01 ). In a top pair production at LHC, we may expect an observation of
tt pair with a large pT , due to the production u+q → t+φ31+q and the subsequent
decay φ31 → u+ t.
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Appendix A
More general potential form of Vnonet is given by
Vnonet = [r.h.s. of (3.2)] +
∑
i,j,k,l
[
1
2
λ4(φ
j
iφ
k
j )(φ
l
kφ
i
l)
+
1
2
λ5(φ
j
iφ
i
l)(φ
l
kφ
k
j ) +
1
2
λ6(φ
j
iφ
k
j )(φ
i
lφ
l
k) +
1
2
λ7(φ
j
iφ
l
k)(φ
k
jφ
i
l)
]
. (A.1)
Then, for µ2 < 0, conditions for minimizing the potential (3.1) are as follows:
[
µ2 + (λ1 + λ2)Tr(v
†v)
]
v∗s + λ3Tr(v
†v†)vs + (λ4 + λ5 + λ6 + λ7)
1√
3
Tr(v†v†v)
+(η1 + η2)Tr(v
†
octvoct)v
∗
s + 2η
∗
3Tr(v
†
octv
†
oct)vs = 0 , (A.2)[
µ2 + (λ1 + λ2)Tr(v
†v)
]
voct + λ3Tr(v
†v†)voct + (λ4 + λ5)(v
†vv†)oct
+
1
2
(λ6 + λ7)(v
†v†v + vv†v†)oct + (η1 + η2)v
∗
sv
∗
sv
†
oct + 2η3v
∗
sv
∗
svoct = 0 , (A.3)
and the similar equations with v ↔ v† (voct ↔ v†oct and vs ↔ v†s), where Aoct means
an octet part of the 3× 3 matrix A, i.e., Aoct = A− (1/3)Tr(A) 1. Only when
λ4 + λ5 + λ6 + λ7 = 0 , (A.4)
we can obtain the desirable relation (3.6).
What is of great interest to us is whether these terms (λ4 - λ7 terms) can
generate additional masses of the neutral Higgs bosons H0ji (i 6= j) or not, because
these bosons become to massless in the limit of ξ → 0. Unfortunately, these terms
cannot contribute to the masses except for those of χ±ji and χ
0j
i (i 6= j), because
the λ4 - λ7 terms still respect the SU(3) family symmetry. Therefore, the exitstnce
of Goldstone bosons cannot be avoided by the introduction of these terms. The
existence of the λ4 - λ7 terms does not improve the situation of our model and only
makes our study intricate, so that we have omitted the study of the λ4 - λ7 terms
from the present studies.
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Appendix B
Since the parameters zi = vi/v0 satisfy the relations
z21 + z
2
2 + z
2
3 = 1 , (B.1)
z1 + z2 + z3 =
√
3
2
, (B.2)
we find the relations
z1z2 + z2z3 + z3z1 =
1
4
, (B.3)
zizj =
1
4
−
√
3
2
zk + z
2
k , (B.4)
where (i, j, k) are cyclic indices of (1, 2, 3).
In the present seesaw-type mass matrix model, the values v2i are proportional
to the charged lepton masses mei = (me, mµ, mτ ), the values zi are given by
zi = [m
e
i/(me +mµ +mτ )]
1/2 , (B.5)
i.e., 
z1
z2
z3
 =

0.016473
0.23687
0.97140
 , (B.6)
so that 
x1
x2
x3
 =

−0.55405
−0.24237
+0.79642

= cos(
π
4
+ δ)
1√
6

−2
1
1
+ sin(π4 + δ) 1√2

0
−1
1
 , (δ = 2.268◦) . (B.7)
The expression (B.7) suggests that the Higgs boson state φx is almost given by a
45◦-mixing between λ3- and λ8-components of SU(3)family. At the present stage,
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the parameter δ is pure phenomenological one. If we can give only the value of δ,
we can fix the values of (x1, x2, x3; y1, y2, y3; z1, z2, z3). The open question why δ
takes such a value will be answered in a future theory.
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Table I. Quantum numbers of fermions and Higgs bosons
Y SU(2)L SU(2)R U(3)family
fL (ν, e)
Y=−1
L , (u, d)
Y=1/3
L 2 1 3
fR (ν, e)
Y=−1
R , (u, d)
Y=1/3
R 1 2 3
FL N
Y=0
L , E
Y=−2
L , U
Y =4/3
L , D
Y=−2/3
L 1 1 3
FR N
Y=0
R , E
Y=−2
R , U
Y =4/3
R , D
Y=−2/3
R 1 1 3
φL (φ
+, φ0)Y=1L 2 1 8+1
φR (φ
+, φ0)Y=1R 1 2 8+1
ΦF Φ
Y=0
0 , Φ
Y=0
X 1 1 1, 8+1
✲ ✲ ✲ ✲s s s
fL FR FL fR
yLf yF y
R
f
(2, 1, 3) (1, 1, 3) (1, 1, 3) (1, 2, 3)
〈φ0L〉0 ≡ mL/yLf 〈ΦF 〉0 ≡MF/yF 〈φ0R〉0 ≡ mR/yRf
(2, 1, 8+1) (1, 1, 1) (1, 2, 8+1)
× × ×
Fig. 1. Mass generation of quarks and leptons f
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